The da Vinci surgical robotics system is used for minimally-invasive surgery. Small incisions are made on the patient's body, then the da Vinci instruments are inserted into the incisions. The robot system contains encoders to measure the instrument position and orientation. Unfortunately, its measurement is inaccurate, especially when an external force applies to the instrument shaft. The accuracy of these measurements is influenced by non-kinematics errors, such as bending of the instruments due to force applied to it. We developed a compliance model that correct the displacement of the first two joints of the da Vinci Patient Side Manipulator (PSM). The model compensates displacement errors based on the measured joint efforts which are generated by the measured motor currents. The experiment was performed with the open-source da Vinci Research Kit (dVRK) to estimate the model parameters and to evaluate the accuracy improvement resulted from the application of this model. Using two different experiments to evaluate the accuracy improvement. The first experiment results in 0.75 mm accuracy improvement. The second experiment results in 4.5 degree and 3.5 degree correction for the first and second joint respectively.
II. Introduction
The accuracy of the da Vinci robot is crucial when it is used to construct a 3D image of an organ. The da Vinci instrument holds an ultrasound probe and sweeps along an organ to take images of the organ [1] . The da Vinci system registers the starting and ending positions of the images. Therefore, since the da Vinci system does not register the positions accurately, the 3D construction of the organ will be inaccurate as well.
The research presented in this paper is to develop a compliance model of the da Vinci PSM and to use this model to reduce the error of the instrument tip position. The research is performed with the open-source da Vinci Research Kit (dVRK) which provides a full access to all feedback data from the da Vinci system. Our method utilizes the measured joint positions and joint efforts provided by the dVRK. The compliance model results in improvement in the position accuracy of da Vinci instruments
III. Research Hypothesis
The compliance model that is expected to improve the accuracy of the da Vinci is
There are three parameters that influence the accuracy of the da Vinci PSM: compliance of the instrument, torque offset, and backlash. We expect that most instruments with the same diameter will have similar compliance model. Table 1 summarizes the parameters. 
IV. Procedure
Estimating the stiffness and backlash Joint 1: The instrument is clamp with a small metal block that close to the tooltip. The instrument is instructed to move from the middle to the left, then to the right and back to the middle. This procedure is repeated for 14 different depths. The instrument is clamp with a small metal block that close to the tooltip. The instrument is instructed to move from the middle to inward direction, then to outward direction and back to the middle. This procedure is repeated for 14 different depths. We used a teleoperator to control the dVRK to touch 13 different points on a metal plate. The Cartesian position of each point is known. Each point is touched with different amount of joint effort. On each point, the joint Cartesian position is recorded. This enabled us to see how the Cartesian position of each points recorded by the robot compare with the previously known Cartesian position of each points.
Accuracy Improvement Test 2
All the points on the metal plate are pitted. We used a teleoperator to control the dVRK to place the tooltip into one of the points on a metal plate. We moved the tooltip against the surface of the pitted point until the force reached 1 N-m while the PSM joint corrected and uncorrected positions are recorded continuously for plotting a comparison graph. We repeat this procedure four time; each time with different directions based on the joint we tested. We moved the tooltip leftward and rightward for testing joint 1. Inward and outward for testing joint 2. From the Fig.8 graphs we generated the stiffness variation with depth. The depth has a direct relationship with the stiffness of the instrument. From the graphs, we were able to generate cubic polynomial functions as the compliance estimation for both joints. All the tested depth formed very similar graph with one another which indicates that the depth of the instrument does not influence the amount of torque offset generated by the robot arm. The estimate we obtained from joint 1 is approximately constant because the difference between points are negligible. For joint 2 the points are a little bit varied, we tried using a linear function but the correction was not significantly different at all. So we decided to have it as a constant as well. The experiment formed hysteresis graphs. To calculate the backlash, we were only interested on the parts around the resting position because if the instrument is already touching either side if the cannula, the backlash does not exist on that point. 
V. Analysis of Data
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